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The Caenorhabditis elegans gene mag-1 can substitute functionally for its homolog mago nashi in Drosophila and is
predicted to encode a protein that exhibits 80% identity and 88% similarity to Mago nashi (P. A. Newmark et al., 1997,
Development 120, 3197–3207). We have used RNA-mediated interference (RNAi) to analyze the phenotypic consequences
of impairing mag-1 function in C. elegans. We show here that mag-1(RNAi) causes masculinization of the germ line (Mog
phenotype) in RNA-injected hermaphrodites, suggesting that mag-1 is involved in hermaphrodite germ-line sex determi-
nation. Epistasis analysis shows that ectopic sperm production caused by mag-1(RNAi) is prevented by loss-of-function (lf)
mutations in fog-2, gld-1, fem-1, fem-2, fem-3, and fog-1, all of which cause germ-line feminization in XX hermaphrodites,
ut not by a her-1(lf) mutation which causes germ-line feminization only in XO males. These results suggest that mag-1
nteracts with the fog, fem, and gld genes and acts independently of her-1. We propose that mag-1 normally allows oogenesis
by inhibiting function of one or more of these masculinizing genes, which act during the fourth larval stage to promote
transient sperm production in the hermaphrodite germ line. When the Mog phenotype is suppressed by a fog-2(lf) mutation,
mag-1(RNAi) also causes lethality in the progeny embryos of RNA-injected, mated hermaphrodites, suggesting an essential
role for mag-1 during embryogenesis. The defective embryos arrest during morphogenesis with an apparent elongation
defect. The distribution pattern of a JAM-1::GFP reporter, which is localized to boundaries of hypodermal cells, shows that
hypodermis is disorganized in these embryos. The temporal expression pattern of the mag-1 gene prior to and during
morphogenesis appears to be consistent with an essential role of mag-1 in embryonic hypodermal organization and
elongation. © 2000 Academic Press
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The mago nashi gene in Drosophila melanogaster was
first identified as a posterior group gene important for germ
plasm assembly, which in turn affects abdominal pattern-
ing and formation of functional germ cells (Boswell et al.,
1991; Newmark and Boswell, 1994). It was subsequently
shown to function in posterior localization of factors criti-
cal for functional germ plasm, including oskar mRNA and
Staufen protein. In addition, mago nashi was found to be
involved in dorsal–ventral axis specification of the oocyte
by gurken signaling, mediating the follicle-cell-to-oocyte
signal for reorganization of the microtubule network and
1 Current address: Department of Molecular Biology, Massachu-
setts General Hospital, Boston, MA 02114.
172then migration of the oocyte nucleus to its normal, an-
terodorsal position (Newmark et al., 1997). Null mutations
cause early larval lethality, indicating that mago nashi is
essential for viability, but this phenotype has not yet been
extensively characterized. Although its biochemical role
remains unclear, the mago nashi gene not only appears to
have multiple functions in development, but it also encodes
a protein that has been highly conserved in evolution.
Homologs have been identified in Caenorhabditis elegans,
Xenopus laevis, and Mus musculus, of which the C. elegans
ene is the most divergent (Newmark et al., 1997).
The C. elegans homolog mag-1 was partially character-
ized by Newmark and co-workers (1997). The mag-1 gene is
predicted to encode a small protein with 80% identity and
88% similarity to the Drosophila protein, based on se-
quence of a nearly full-length cDNA clone. When the mag-1
0012-1606/00 $35.00
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173Role of mag-1 in C. elegans Germ-Line Sex DeterminationcDNA was inserted into an expression construct driven by
the fly mago nashi promoter and introduced into the fly
enome using P-element-mediated transformation, it alle-
iated mago nashi loss-of-function defects, indicating that
ag-1 is also a functional homolog of mago nashi (New-
mark et al., 1997). Given that mag-1 has high overall
structural similarity to mago nashi and can serve as a
functional substitute, it is a convincing homolog of a fly
posterior group gene in C. elegans. We undertook further
study of this gene and its functions in C. elegans in order to
understand what processes in worms might involve ho-
mologs of posterior group genes in flies.
As described below, we have found that mag-1 is involved
in C. elegans germ-line sex determination. Sex determina-
tion in the normal XX hermaphrodite germ line is complex,
in that it includes a short period of spermatogenesis before
oogenesis begins (Schedl, 1997). In XO males, somatic and
germ-line sex determination appear to be regulated to-
gether. The her-1 gene is active, and its product appears to
act as an inhibitory ligand (Hunter and Wood, 1992; Perry et
al., 1993) for its putative receptor, the product of tra-2
(Kuwabara et al., 1992). Consequently TRA-2(A or B),
which represses spermatogenesis, is inactive, so that the
downstream germ-line masculinizing (GLM) genes (fem-1,
fem-2, fem-3, fog-1, and fog-3) function in the germ line to
promote spermatogenesis (Fig. 1). In XX hermaphrodites,
the her-1 gene is inactive, tra-2 is generally active, and the
GLM genes are repressed, so that additional regulation is
required for transient masculinization of the germ line to
produce sperm. The her-1 gene is not required for this
regulation; both XX and XO animals carrying her-1(loss-of-
function(lf)) mutations develop as self-fertile hermaphro-
dites (Hodgkin, 1980).
Instead, transient germ-line masculinization in hermaph-
rodites requires function of the fog-2 gene (Schedl and
Kimble, 1988). Because fog-2(lf) mutations do not affect
spermatogenesis in XO males, it is not essential for sperm
production as are the downstream GLM genes listed above.
It is likely that transient activation of fog-2 in XX hermaph-
rodites leads to transient repression of tra-2 function in the
germ line, thereby allowing a brief period of spermatogen-
esis (Schedl and Kimble, 1988). This repression appears to
be translational, requiring the product of the gld-1 gene (Jan
et al., 1999), a KH-domain protein (Jones and Schedl, 1995;
Jones et al., 1996). Recent work has shown that the GLD-1
and FOG-2 proteins interact in this process (B. Clifford and
T. Schedl, personal communication), but how fog-2/gld-1
function is regulated to allow transient masculinization has
remained unclear.
The fem-3 gene has also been shown to be critical for
transient masculinization of the hermaphrodite germ line
by studies on both lf (Hodgkin, 1986) and gain-of-function
(gf) (Barton et al., 1987) mutations in this gene. The fem-3
activity can be regulated by two different mechanisms: (1)
repression by the tra-2 product TRA-2(A or B) via protein–
protein interaction (Mehra et al., 1999) and (2) repression by
FBF-1 and FBF-2 proteins, which are likely to act by binding
Copyright © 2000 by Academic Press. All rightto fem-3 39-UTR (Ahringer and Kimble, 1991; Zhang et al.,
1997). The nearly identical genes fbf-1 and fbf-2 exhibit
substantial similarity to Drosophila pumilio (Zhang et al.,
1997), which encodes an RNA-binding protein and is also a
posterior group gene involved in abdominal patterning
(Murata and Wharton, 1995), like mago nashi (Boswell et
al., 1991).
In this report, we use RNA interference (Fire et al., 1998)
with mag-1 expression [mag-1(RNAi)] to show that mag-1
function is required for maintaining oogenesis in the her-
maphrodite germ line. Based on epistasis tests with muta-
tions in known genes, we propose possible models for how
mag-1 might normally regulate germ-line sex determina-
tion in hermaphrodites. We also present evidence that
mag-1 has an essential function in C. elegans embryogen-
esis.
MATERIALS AND METHODS
Strains
C. elegans were maintained and bred and multiple mutants were
constructed using standard methods (Sulston and Hodgkin, 1988).
Strains used in this project were N2 (wild type), fem-1(hc17ts)IV
FIG. 1. Simplified pathway for sex determination in the hermaph-
rodite germ line. During the fourth larval stage of XX hermaphro-
dite development, fog-2 and gld-1 probably act in concert to
transiently repress tra-2 activity, allowing function of the germ-
ine-masculinizing (GLM) fem and fog-1,3 genes that promote
spermatogenesis. At the final molt to adulthood, fog-2/gld-1 func-
tion is thought to be inhibited, so that tra-2 again becomes active,
spermatogenesis is terminated, and oogenesis commences (Schedl
and Kimble, 1988). The fbf gene products and products of the six
mog genes are also required for repression of at least one GLM gene,
fem-3, which is also negatively regulated at the protein level by
interaction of FEM-3 with TRA-2(A or B) (see text). her-1, which
must negatively regulate tra-2 to allow male somatic development
in XO males, is not required for this transient masculinization of
the hermaphrodite germ line, while fog-2 is required only in the
hermaphrodite germ line and not for somatic masculinization.
Genes are named for their loss-of-function phenotypes with the
exception of the mag and fbf genes: fbf, fem-3 binding factor; fem,
feminization; fog, feminization of germ line; gld, defective in germ
line development; her, hermaphroditization; mag, mago nashi
homolog; mog, masculinization of germ line; tra, sex transforma-
tion (masculinization). Only genes mentioned in the text are
included in the figure. For review, see Schedl (1997).(strain BA17), fem-2(b245ts)III (BW767), fem-3(e1996)dpy-
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2(q71)rol-9(sc148)IV (CL192), fog-2(q71)V (CB4108), fog-1(q187)/
unc-11(e47)I; sDp2(I;f) (BW1034), tra-2(e2020dm,ts)II (CB3778),
her-1(y101hv1)V (PA1), jcIsI V (SU93), gld-1(q126)I (BS3052),
unc119(ed3)III; him-5(e1490)V; ctIs44(4X) (BW1960), unc-
119(ed3)III; him-5(e1490) fog-2(q71)V; and ctIs44 (BW1961). Strain
BS3052 was kindly provided by T. Schedl, and the rest were from
our collection or the Caenorhabditis Genetics Center (CGC).
mag-1 clones
Obtaining the full-length cDNA sequence. The original mag-1
cDNA clone (Ce-mago2B) was kindly provided by P. Newmark and
R. Boswell. Other DNA clones used in the experiments were
constructed by conventional molecular cloning techniques. By
comparing the genomic mag-1 sequence to that of the original
nearly full-length cDNA (Newmark et al., 1997), we predicted
mag-1 to be transspliced to the leader sequence SL1 based on the
presence of a typical C. elegans outron (Conrad et al., 1995). Nested
PCR amplification of the putative 59-ends of various mag-1 cDNA
clones from a C. elegans cDNA library (kindly provided by P.
Okkema, University of Illinois at Chicago) using a vector-specific
upstream primer and a pair of mag-1 downstream primers yielded
a single broad PCR band of the expected size. After cloning the
DNA from this band and analyzing 20 of the clones, we observed
slight variability of the insert sizes and picked two clones with the
largest inserts. Sequencing showed that each of the inserts con-
tained an SL1 sequence transspliced to the site we had predicted. In
addition, the putative AUG codon was only one nucleotide down-
stream of the splice leader. Since we did not detect larger cDNA
clones from the library, and RNA blots revealed only a single mag-1
transcript, we predict that the mag-1 gene encodes a protein of 152
amino acid residues.
Constructing reporter genes. Plasmids were constructed using
conventional cloning techniques (Maniatis et al., 1990). The
mag-1::lacZ and other reporter genes were constructed using re-
porter vectors from A. Fire (Carnegie Institute of Washington).
Plasmid pM12, used to generate the integrated transgene ctIs44,
included a 5-kb mag-1 promoter sequence, exon 1, intron 1, and
part of exon 2 (total of 250 bp exon sequence), fused in-frame to the
lacZ gene with a nuclear localization signal.
Constructs containing mag-1 sequences with dominant-
negative effects. Several transgenes containing mag-1 sequences
were found to cause masculinization of the hermaphrodite germ
line after the sperm-to-oocyte switch, mimicking the lf mag-
1(RNAi) phenotype (see Results). These constructs are pM12, the
mag-1::lacZ construct mentioned above; pM12G, virtually identi-
cal to pM12 but with a gfp reporter gene; pM31, a mag-1::lacZ
promoter-fusion construct containing 0.9-kb mag-1 promoter and
the lacZ gene; pXho, a mag-1 construct containing the 6.1-kb
XhoI–XhoI genomic fragment that includes the 5-kb promoter, the
0.6-kb mag-1 coding region, and the 0.5-kb 39 flanking region;
pM13, a mag-1 construct containing the 2-kb BglII–XhoI genomic
fragment that includes the 0.9-kb promoter, the 0.6-kb mag-1
coding region, and the 0.5-kb 39 flanking region; and R09B3, a
cosmid containing mag-1.
DNA-Mediated Germ-Line Transformation
The standard DNA injection protocol was used for transforma-
tion experiments (Mello et al., 1991). ctIs44 is an integrated array
containing the mag-1::lacZ construct pM12 and a plasmid copy of
Copyright © 2000 by Academic Press. All rightthe unc-119 gene as a transformation marker. Recipient strains
were homozygous for a recessive unc-119 mutation. Gamma irra-
diation was used to promote integration, and non-Unc progeny
were picked for several generations. Animals carrying the inte-
grated transgene ctIs44 were isolated as a line that produced no
Unc worms and were back-crossed four times before use. ctIs44
was also introduced into a fog-2(lf) background to generate strain
BW1961 (see “Strains”), which was used to test whether mag-
1(RNAi) eliminates zygotic expression of a mag-1::lacZ fusion
construct. For testing the dominant-negative effects of mag-1-
containing constructs, equal concentrations (0.1 mg/ml) of con-
struct and a rol-6(d) marker DNA were injected into N2 recipients.
For attempted rescue of possible mag-1 mutants, lower concentra-
tions of these constructs (0.01–0.02 mg/ml) were injected with
marker DNA at 0.1 mg/ml.
RNAi Experiments
RNAi was carried out essentially as described by Fire et al.
(1998). The nearly full-length mag-1 cDNA was transcribed to
synthesize RNA in vitro using standard protocols. In most experi-
ments RNA was injected into the hermaphrodite gonad, but similar
mag-1(RNAi) phenotypes were observed following injection into
the intestine (Tabara et al., 1998). Similar phenotypes were also
observed following injection of either antisense RNA at 1.4 mg/ml
or double-stranded RNA at 0.3–0.5 mg/ml. Both protocols were
used in the experiments presented. The Mog (masculinization of
germ line) phenotype was observed in the injected animals. For the
fem and fog mutants, mag-1 RNA was injected either into virgin
female worms [reared at the nonpermissive temperature of 25°C for
the fem(ts) mutants] or into females mated to N2 males. In both
cases, staining with monoclonal antibody (MAb) SP56 was used to
detect the Mog phenotype; in the latter case, embryos produced by
the fem or fog mothers were recovered for further analysis of
developmental defects. Injected animals were stained with MAb
SP56 3 to 4 days after injection.
Staining of Fixed Preparations for Microscopy
The method for staining with MAb SP56 was identical to that
described previously for the anti-P-granule MAb K76 (Strome and
Wood, 1982). The lacZ staining protocol was similar to that
escribed in Perry et al. (1993). Staining of mag-1(RNAi) embryos
as done on the same slides as control embryos to ensure the same
xation and staining conditions. DAPI staining of nuclei was used
o identify embryonic stages.
RESULTS
Molecular Characterization of the mag-1 Gene
The mag-1 gene was previously shown to be contained in
two overlapping YAC clones, Y5D9 and Y53C10, which
map to LGI (Newmark et al., 1997). We further located
mag-1 to cosmid R09B3 using PCR analysis with mag-1-
specific primers and generated a restriction map of the
mag-1 region. By using nested PCR, we obtained full-length
mag-1 cDNA clones from a C. elegans cDNA library
(kindly provided by P. Okkema, University of Illinois,
Chicago, IL).
s of reproduction in any form reserved.
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175Role of mag-1 in C. elegans Germ-Line Sex DeterminationRNA blot experiments showed that a single small mag-1
transcript, corresponding in size to the 0.5-kb full-length
cDNA, is present in all stages of hermaphrodite develop-
ment tested (Fig. 2). Comparison of mag-1 transcript levels
in wild type, a fem-2(lf) strain (which develops a healthy
female germ line but produces no sperm and therefore
contains no fertilized embryos), and a glp-4(lf) strain (which
does not develop a germ line) indicated that mag-1 is
expressed during oogenesis in the hermaphrodite germ line
(Fig. 2). There is also some expression in the adult soma,
based on the signal in the glp-4 lane. The mag-1 mRNA
appears to be more abundant in embryos than in larvae and
adults.
mag-1 Loss-of-Function Phenotypes
To investigate the functions of mag-1, we attempted to
btain mag-1 mutations. We first examined known lethal
r sterile mutations in the mag-1 region (see Materials and
ethods) by attempting transgenic rescue with mag-1-
ontaining cosmid DNA and direct sequencing of the mag-1
ene in genomic DNA from each mutant. None of the
utations tested appeared to be a mag-1 allele. We then
creened for worms carrying a transposon Tc1 insertion in
he mag-1 region, hoping to screen for a mag-1 deletion
caused by imprecise excision (Plasterk and Groenen, 1992).
However, among several Tc1 libraries searched, no worms
carrying a mag-1-linked Tc1 insertion were recovered (see
Acknowledgments).
FIG. 2. RNA blot analysis of mag-1 transcript accumulation,
using the mag-1 cDNA as a probe (top). Bottom panel shows the
ethidium bromide shadow of rRNA bands on the filter as an
approximate indication of relative loading. The mag-1 transcript is
present in all stages of development tested and is also present in the
germ line as well as the soma of adults [compare the glp-4 and
fem-2 lanes; glp-4 animals do not develop germ lines (Beanan and
trome, 1992) and fem-2 animals generate female germ lines with
o sperm and hence carry no fertilized embryos (Kimble et al.,
984)]. The mag-1 mRNA appears to be more abundant in embryos
than in larvae and adults.We therefore performed RNAi experiments to investigate
Copyright © 2000 by Academic Press. All rightthe mag-1(lf) phenotype (Fire et al., 1998). Following injec-
tion of either mag-1 dsRNA or antisense RNA (see Materi-
als and Methods) into the syncytial gonads of N2 adult
hermaphrodites, the injected animals produced variable
numbers of inviable embryos and then ceased laying eggs
(Table 1). Injected late L4 hermaphrodites, as shown in
Table 1, all initiated oogenesis, but produced virtually no
viable embryos. Further analysis revealed that these her-
maphrodites ceased egg laying due to extensive masculin-
ization of the germ line, based on the following observa-
tions. (1) By Nomarski microscopy we observed that these
hermaphrodites no longer generated normal oocytes but
instead produced undifferentiated germ cells and sperm
(Fig. 3). (2) By immunofluorescence microscopy we found
that many of the gonad arms produced sperm-like cells (Fig.
4), which could be stained with the sperm-specific MAb
SP56 (kind gift of S. Strome, Indiana University; also see
Kimble and Ward, 1988; Ward and Klass, 1982). This phe-
notype resembles the Mog phenotype found in mog mu-
tants (Gallegos et al., 1998; Graham and Kimble, 1993;
Graham et al., 1993). However, a difference is that in
mag-1(RNAi) hermaphrodites, sperm appear to be distrib-
uted throughout the germ line, including the distal tip
region, as though the germ cells in this region, normally
mitotic, have ceased proliferating and instead differentiated
as sperm. As shown in Table 2, some of the germ lines do
not appear masculinized, but are still defective in producing
oocytes. By DAPI staining, these germ lines look disorga-
nized, possibly due to confusion of germ-cell sexual fates. It
is noteworthy that this Mog phenotype was observed fol-
lowing RNA injection into mature hermaphrodites long
past the stage at which the germ line normally switches
from spermatogenesis to oogenesis. Thus the sperma-
togenesis-to-oogenesis switch can be reversed, consistent
with previous findings that spermatogenesis can be reiniti-
ated by inactivating tra-2 function (Klass et al., 1976) or
activating fem-3 expression (Barton et al., 1987) during
adulthood. This result also suggested that mag-1 might play
a role in maintaining the female mode of gametogenesis
after the switch.
TABLE 1
Sterility and Embryonic Lethality Induced by mag-1 (RNAi) in
Individual L4 Hermaphrodites
Individuals
% of inviable embryos
after injection
(n 5 total brood)
Subsequently
ceased egg
laying
No. 1 100 (63) Yes
No. 2 100 (52) Yes
No. 3 100 (38) Yes
No. 4 100 (34) Yes
No. 5 99 (115) Yes
No. 6 97 (72) Yes
No. 7 97 (60) Yes
s of reproduction in any form reserved.
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176 Li, Boswell, and Woodmag-1 Interacts with Known Germ-Line Sex-
Determining Genes
To determine whether the ectopic sperm production
caused by mag-1 inactivation depends on functions of the
nown C. elegans germ-line sex-determining genes, we
performed epistasis analysis using mag-1(RNAi) on mu-
tants with feminized germ lines resulting from lf mutations
in the GLM genes fem-1, fem-2, fem-3, fog-1, and fog-2
(Table 2). We found that none of these mutant female germ
FIG. 3. Nomarski images of gonads illustrating the sterile pheno-
type that results from reduction of mag-1 activity. (a) Proximal
egion of gonad in a wild-type adult hermaphrodite showing
ealthy oocytes (arrowheads) next to the spermatheca (arrow). (b)
roximal region of gonad in a wild-type adult male, showing
ature sperm recognizable by their button-like nuclei (arrows). (c)
roximal region of gonad in an N2 hermaphrodite injected with
ag-1 RNA, showing undifferentiated germ cells instead of
ealthy oocytes; arrow points to spermatheca. (d) Distal region of a
issected gonad from an N2 hermaphrodite injected with mag-1
NA, showing ectopically produced sperm (arrows). (e) Proximal
egion of gonad in a mated fog-2(lf) female injected with mag-1
NA, showing healthy oocytes (arrowheads) next to the sper-
atheca (arrow); note similarity to the wild-type gonad in (a). (f)
art of a gonad from an N2 hermaphrodite that carried a genomic
ag-1 construct (pM13; see Materials and Methods), showing
asculinization of the germ line with a profusion of sperm
arrows). A similar Mog phenotype was caused by other mag-1
onstructs mentioned in the text. Gonads in (d) and (f) were
hotographed after dissection and fixation for subsequent immu-
ostaining with MAb SP56 (not shown) to verify the identity of
perm.lines was masculinized by mag-1(RNAi) based on immuno-
Copyright © 2000 by Academic Press. All rightstaining with the sperm-specific MAb SP56 (Table 2). This
result indicates that all these GLM genes, including fog-2,
are epistatic to mag-1.
We also carried out similar epistasis experiments with
the feminizing mutations gld-1(q126,lf), tra-2(e2020,gf),
and her-1(y101hv1,lf). Again, the first two of these muta-
ions suppressed the masculinizing effects of mag-1(RNAi),
onsistent with the view that mag-1 exerts its function by
egulating the tra-2 gene (Table 2). In contrast, the her-1(lf)
utation did not prevent masculinization by mag-1(RNAi),
s expected because her-1 is not required for spermatogen-
esis in hermaphrodites (Hodgkin, 1980).
When the mag-1(RNAi) phenotype is suppressed in a fem
or fog background, the resulting females make normal
looking oocytes (Fig. 3) and produce fertile embryos when
mated with N2 males. Therefore, the sterility caused by
mag-1(RNAi) is likely to result from transformation of
germ-cell sexual fates and is not the result of a requirement
for mag-1 in oogenesis. We conclude that the normal
function of mag-1 is to repress germ-line masculinization
and spermatogenesis, thereby allowing oocyte production
following the spermatogenesis-to-oogenesis switch. We
consider possible mechanisms for this repression in the
discussion.
Evidence for mag-1 Functions in Embryogenesis
In the RNAi experiments, injected wild-type adult her-
maphrodites worms always produced inviable embryos be-
fore they stopped generating oocytes (Table 1). We investi-
gated this embryonic lethality using mated hermaphrodites
carrying a fog-2(lf) mutation, which suppresses the Mog
henotype resulting from mag-1(RNAi) as shown above.
hen fog-2(lf) hermaphrodites that had been mated to N2
ales were injected with mag-1 RNA, the Mog defect was
uppressed as judged by immunostaining. However, such
ermaphrodites produced almost exclusively (930/931) in-
iable embryos subsequent to 24 h postinjection; the excep-
ional embryo hatched to give an arrested L1. Although the
rrested embryos displayed some features of late morpho-
enesis, such as appearance of the pharyngeal lumen and
ostanal tail, these embryos were not normally elongated,
esembling the wild-type 1.5-fold stage in length (30/30; see
ig. 5). To ask whether the elongation defect might reflect a
ypodermal abnormality, we carried out similar experi-
ents with a strain in which we could visualize hypoder-
al cell boundaries by fluorescence from a GFP fusion to
he presumed adherens junction protein JAM-1 (Mohler et
l., 1998). This protein is recognized by MAb MH27 (Priess
nd Hirsh, 1986). When mag-1 RNA was injected into
ated fog-2(lf) hermaphrodites carrying a jam-1::gfp con-
truct as an integrated array (jcIs1; Mohler et al., 1998) the
hypodermal cells in the resulting inviable embryos ap-
peared to be less elongated and more disorganized than
those in wild-type embryos at equivalent stages (Fig. 5).
These arrested embryos twitched, indicating muscle func-
tion, and displayed hypodermal protrusions and vacuoles.
s of reproduction in any form reserved.
177Role of mag-1 in C. elegans Germ-Line Sex DeterminationThe temporal embryonic expression pattern of mag-1 is
consistent with a role during morphogenesis. To investigate
mag-1 expression we made a reporter construct (pM12)
containing 5 kb of mag-1 59-flanking sequence, presumably
including the promoter, and coding sequence for the
N-terminal half of the predicted mag-1 protein fused to
lacZ. In adult hermaphrodites carrying this mag-1::lacZ
construct as an integrated array (ctIs44), we detected no
expression in the gonads, consistent with the general find-
ing that most C. elegans transgenes are expressed poorly if
at all in the germ line (Kelly and Fire, 1998). In the embryos
produced by these animals, we first observed consistent
expression of the reporter transgene just prior to morpho-
FIG. 4. Immunostained gonad images illustrating ectopic pro
mag-1(RNAi). Dissected gonads were fixed and stained with the sp
nuclei. (Left) Immunofluorescence images to show presence of sper
the same preparations. (a, b) Wild-type hermaphrodite; (c, d) wild-t
(a), MAb SP56 staining is limited to the spermatheca (arrow). In (c),
and spermatocytes (white line). In (e), MAb SP56 staining is presen
are the condensed nuclei of mature sperm (arrows); large spots are e
in d).genesis (Fig. 6). At this stage, staining is most intense in the
Copyright © 2000 by Academic Press. All rightanterior region, but stripes of stained cells also appear to
extend to the posterior of the embryo. As morphogenesis
begins, staining is seen primarily in the head and tail
regions (Fig. 6). Just prior to hatching, staining is only seen
in the region of the pharynx (not shown).
To verify that mag-1(RNAi) blocks the embryonic expres-
sion of mag-1, we injected mag-1 RNA into mated fog-2(lf);
ctIs44 hermaphrodites. Since the mag-1::lacZ reporter con-
struct used to generate ctIs44 contains half of the mag-1
coding sequence, its expression should serve as an assay for
whether mag-1(RNAi) abolishes the endogenous mag-1
expression. As shown in Fig. 6d, the mag-1(RNAi) embryos
exhibited either no staining or only very weak staining just
ion of sperm in the hermaphrodite germ line resulting from
specific MAb SP56 as well as with DAPI to allow visualization of
ecific antigens; (right) corresponding DAPI fluorescence images of
male; (e, f) wild-type hermaphrodite injected with mag-1 RNA. In
b SP56 staining is in the proximal region containing sperm (arrow)
arious regions (arrows) in the gonads. In (b), (d), and (f), small spots
oocyte nuclei (arrowhead in b) or spermatocyte nuclei (white lineduct
erm-
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itherprior to morphogenesis (n 5 8), in contrast to the similar
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178 Li, Boswell, and Woodstrong staining seen in ctIs44 (Fig. 6a) and fog-2(lf); ctIs44
Fig. 6c) embryos (n 5 13). Therefore, mag-1 appears essen-
ial not only for normal germ-line development, but also for
mbryonic morphogenesis, although the nature of the pri-
ary embryonic defect in mag-1(RNAi) embryos is not
lear from our preliminary phenotypic analysis. Because of
he likely perdurance of mag-1(RNAi) effects in the em-
ryos produced by injected hermaphrodites, we also cannot
ssess whether the requirement for mag-1 function in
mbryogenesis is strictly maternal, zygotic, or a combina-
ion of both.
Dominant-Negative Effects of mag-1 Genomic
Constructs
In the course of these experiments, we observed that
some of the transgenic animals carrying DNA constructs
that contained mag-1 genomic sequences (see Materials and
ethods) were sterile. Based on Nomarski microscopy,
Ab SP56, and DAPI staining, the gonads of these sterile
nimals appeared similar to those resulting from mag-1
RNAi) (see Fig. 3f). The masculinizing constructs included
M30, which contained no mag-1 coding sequence and only
.9 kb from the putative mag-1 promoter region. Two
ransmitting lines carrying pM30 produced sterile transfor-
ants at rates of 30% (n 5 40) and 75% (n 5 20), respec-
ively. These lines also produced inviable embryos. Because
he promoter region alone can cause these effects, we
peculate that they may result from titration of positive
ABLE 2
pistasis Analysis of mag-1 (RNAi) and Several Mutations
ausing Feminized Germ Lines
Injected straina % of Mog gonad armsb
N2 65 (n543)
fem-1(hc17ts,lf) 0 (n510)
fem-2(b245ts,lf) 0 (n525)
fem-3(e1996,lf) 0 (n513)
fog-1(q187,lf) 0 (n510)
fog-2(q71,lf) 0 (n540)
gld-1(q126,lf)c 5 (n521)
tra-2(e2020,gf) 0 (n529)
her-1(y101hv1,lf) 41 (n517)
N2, injection controld 0 (n520)
a Young adult hermaphrodites of the indicated genotype were
njected with mag-1 or control dsRNA.
b Injected animals were subsequently stained for sperm using
Ab SP56 as an assay for the Mog phenotype (see Materials and
ethods).
c This allele results in a low frequency of self-fertile hermaphro-
dites in the population and therefore does not completely eliminate
the ability to produce sperm.
d N2 hermaphrodites were injected with dsRNA made from a
-kb C. elegans cDNA of a novel gene with no defined function.egulatory factors essential for mag-1 transcription. Since t
Copyright © 2000 by Academic Press. All righthe sterile phenotype was predominantly observed in trans-
ormants from F2 or subsequent generations but rarely
mong F1 animals, the defect is probably caused by the
resence of the mag-1 array in the germ line. Similar
pparent titration effects by high-copy-number transgenic
romoter sequences in the germ line have been observed for
oth positively (D. Pilgrim, personal communication) and
egatively (Carmi et al., 1998; Li et al., 1999) regulated C.
legans genes.
This dominant-negative effect of mag-1 constructs led to
FIG. 5. Comparison of normal embryos and arrested embryos
resulting from mag-1(RNAi). Embryos were from fog-2(lf) her-
maphrodites carrying one or two copies of an integrated transgenic
jam-1::gfp reporter construct; these hermaphrodites had been
mated with males heterozygous for jam-1::gfp. This construct
roduces a fluorescent protein that associates with the tight
unctions at the boundaries between hypodermal cells. (Left) No-
arski images; (right) epi-illuminated images of the corresponding
mbryos showing GFP fluorescence outlining the hypodermal
ells. (a, b) Normal, late comma stage shortly after initiation of
orphogenesis. (c, d) Normal, pretzel stage just prior to hatching.
e, f) Arrested mag-1(RNAi) embryo showing elongation defect. (g)
omarski image of another arrested mag-1(RNAi) embryo, show-
ng differentiated pharyngeal lumen (arrow) and tail (arrowhead)
tructures. All embryos are shown with anterior to the left, except
hose in (c) and (d).
s of reproduction in any form reserved.
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179Role of mag-1 in C. elegans Germ-Line Sex Determinationdifficulties in characterizing mag-1 reporter expression.
Among several transgenic lines made for this purpose with
the mag-1::gfp fusion construct pM12G (see Materials and
Methods), no embryos expressing GFP were viable, and in
the surviving adult animals GFP expression was weak and
unstable. Among the several mag-1::lacZ transgenic lines
generated with pM12, some of which were also problem-
atic, ctIs44 is healthy possibly because the integrated array
contains only a few copies of the fusion gene. The drawback
of this line is that it expresses lacZ relatively weakly and
therefore may exhibit staining only in cells with high levels
of mag-1 transcription.
DISCUSSION
Functions of the mag-1 gene
The mag-1 gene appears to produce a single transcript,
which is present in all developmental stages tested. In
adults, it is present in the hermaphrodite germ line, consis-
tent with germ-line or maternally required embryonic func-
tions or both. We have confirmed a germ-line function in
oogenesis by demonstrating that either mag-1(RNAi) or the
presence of mag-1 genomic constructs as transgenic arrays
can cause a Mog phenotype in the hermaphrodite germ line.
In addition, we have presented similar evidence that mag-1
function is required maternally, zygotically, or both during
embryogenesis, apparently independently of the require-
ment in germ-line sex determination. These interpretations
presume that mag-1(RNAi) results in partial to complete
loss of mag-1 functions, in accord with previous observa-
tions using the RNAi technique (Fire et al., 1998; Mont-
gomery and Fire, 1998; Montgomery et al., 1998).
Role of mag-1 in the Germ Line
Since mago nashi functions in Drosophila oogenesis, we
initially considered the possibility that mag-1 could be a
positive regulator of C. elegans oogenesis, required either
or switching from spermatogenesis to oogenesis or for
aintaining oocyte production after the switch occurs. Our
emonstration that mag-1 is not required for oogenesis
ppears to rule out these possibilities. The oogenesis defect
esulting from mag-1(RNAi) is completely suppressed by
utations in genes required for spermatogenesis that cause
eminization of the germ line, supporting the view that
nstead, mag-1 normally acts to promote oogenesis by
reventing spermatogenesis, through interaction with these
enes.
To allow oogenesis after the switch, the hermaphrodite
erm line must repress the function of fem-3, which acts
ith or through the other fem genes to promote spermato-
enesis. As reviewed in the Introduction and diagrammed
n Fig. 1, two different mechanisms appear to be involved in
egative regulation of fem-3. First, its function is repressed
t the protein level by interaction of FEM-3 with TRA-2(A
r B). Second, its expression is repressed posttranscription-
Copyright © 2000 by Academic Press. All rightlly by interaction of FBF-1 and FBF-2 with the 39UTR of
em-3 mRNA. This dual regulation suggests two possible
odels for the function of mag-1 in preventing spermato-
enesis. (1) mag-1 could trigger inactivation of fem-3 func-
ion by inhibiting fog-2/gld-1 activity, thereby activating
ra-2 expression. (2) mag-1 could trigger posttranscriptional
epression of fem-3 expression through or with the repres-
or functions of fbf-1 and fbf-2.
In support of model (1) is our finding that the Mog
henotype resulting from mag-1(RNAi) is suppressed by
ra-2(gf) mutations that prevent tra-2 inactivation by fog-
/gld-1, as well as by feminizing lf mutations in fog-2 or
ld-1. These results would seem to suggest that mag-1 acts
pstream of tra-2 and fog-2/gld-1.
Model (2), however, would seem more likely if there is
evolutionary conservation of functional relationships be-
tween mag-1 and the pumilio homologs fbf-1 and fbf-2. In
Drosophila, mago nashi appears to act upstream of nanos,
which functions with pumilio in the pathway of posterior
group genes required for embryonic abdominal patterning
(Newmark and Boswell, 1994). Members of this pathway
also act to control early events in germ-line development
(Deshpande et al., 1999; Forbes and Lehmann, 1998; Lin and
Spradling, 1997) as well as oogenesis (Newmark et al.,
1997). Apparently arguing against model (2) is our finding
that fog-2(lf) mutations are epistatic to mag-1(RNAi) rather
than vice versa as the model would predict. It is known that
fbf(RNAi), in contrast to mag-1(RNAi), is epistatic to
fog-2(lf) (Zhang et al., 1997). This result indicates that
derepression of fem-3 by fbf(RNAi) can override the ability
of TRA-2(A or B) to functionally repress the resulting
FEM-3 product, so that the germ line is masculinized even
though tra-2 is fully active. If fem-3 were fully derepressed
in the absence of any mag-1 function, then the mag-1 null
condition should be epistatic to fog-2(lf).
Our findings could be consistent with model (2) if mag-
1(RNAi) did not result in a null phenotype or otherwise
allowed some fbf function so that fem-3 was not completely
derepressed. This possibility seems plausible because the
mag-1(RNAi) phenotype of germ-line masculinization had
to be scored in the injected animals, which may have had
enough previously synthesized MAG-1 protein in the germ
line to result in partial fem-3 repression. Therefore, our
genetic evidence so far is still consistent with mag-1 acting
either to repress fog-2/gld-1 function or to repress fem-3
function, and we cannot yet argue for one model over the
other. It is also possible that mag-1 could act in both these
ways.
Role of mag-1 in Embryogenesis
We initially considered that embryonic phenotypes re-
sulting from mag-1(RNAi) could be a secondary result of
defective oogenesis, since injected N2 hermaphrodites be-
fore cessation of egg laying produced a few dead embryos of
irregular or spherical shape, which can be a sign of oogen-
esis defects (Schedl, 1997). However, the finding that mag-
s of reproduction in any form reserved.
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180 Li, Boswell, and Wood1(RNAi) embryos from a mated fog-2(lf) hermaphrodite
nitiated development and then arrested at a later stage
uggested that the defects in oogenesis and embryogenesis
ere separate phenotypes, indicating requirements for
ag-1 function at different stages of the life cycle.
In mated mag-1(RNAi); fog-2(lf) hermaphrodites, where
he Mog phenotype is suppressed, virtually all the embryos
roduced were inviable, arresting during morphogenesis
efore completing elongation (see Fig. 5). This embryonic
ethality is unlikely to be a synthetic phenotype between
ag-1(RNAi) and fog-2(lf), because the arrested embryos
re heterozygous for the fog-2 mutation and because mag-1
RNAi) resulted in similar embryonic phenotypes from
oth mated fem-1(lf) and fem-2(lf) females. The mag-1
RNAi) embryos display disorganized hypodermis and fail
o elongate. Because the hypodermis is critical for elonga-
ion of the embryo (Costa et al., 1998; Priess and Hirsh,
986; Williams-Masson et al., 1997, 1998), a primary defect
n hypodermal organization could result in failure to elon-
ate. Alternatively, mag-1 function may be required in the
longation process itself. At present, we can conclude only
hat the observed embryonic defects are consistent with
ne or more essential roles for mag-1 in early to midem-
ryogenesis.
Based on experiments with the integrated mag-1::lacZ
eporter construct, mag-1 is most intensely and reproduc-
bly transcribed prior to and during morphogenesis, and this
xpression appears to be abolished in mag-1(RNAi) em-
ryos (Fig. 6). We have never found evidence for mag-1
ranscription in early embryos (,16-cell stage), in experi-
FIG. 6. Expression of a mag-1::lacZ reporter (pM12 in ctIs44) in n
from N2 hermaphrodites carrying the reporter transgene, (a) prior
expression prior to morphogenesis is similar in an embryo from a
this expression is abolished in embryos produced after mag-1 RNA
n the same slide to ensure identical staining conditions.ents with several transgenic reporter constructs (not s
Copyright © 2000 by Academic Press. All righthown). If these results accurately reflect the timing of
ormal mag-1 transcription, then the relatively large quan-
tity of mag-1 transcripts in early embryos seen on the RNA
blot of Fig. 2 must have persisted from maternal germ-line
transcription. Therefore, while it seems likely that embry-
onic expression of mag-1 may be responsible for its role in
morphogenesis, we cannot rule out the possibility that
maternal mag-1 mRNAs persisting in progeny embryos are
lso required.
mag-1 and the mog Genes
Screens for mutations causing the Mog phenotype have
identified six mog genes that can mutate to cause pheno-
types similar to that resulting from mag-1(RNAi), including
oth germ-line masculinization and embryonic lethality,
lthough the latter has not been phenotypically character-
zed in detail (Graham and Kimble, 1993; Graham et al.,
993). The functions of these genes are now known to be
equired for posttranscriptional repression of fem-3 in both
he germ line and the soma of hermaphrodites (Gallegos et
l., 1998). It is interesting to consider why mag-1(lf) muta-
ions were not found in Mog screens. Mutations in the fbf
enes also were not found, possibly because these two
early identical genes may function redundantly (Gallegos
t al., 1998). This explanation is unlikely for mag-1, since
earches of the now essentially complete genomic sequence
eveal no predicted similar genes. A more likely reason,
esides the small target size of mag-1 and the likelihood
hat the Mog screens reported to date did not achieve
l and mag-1(RNAi) embryos. (Top) Expression in normal embryos
orphogenesis and (b) during morphogenesis. (Bottom) (c) Reporter
d fog-2(lf) female carrying the reporter transgene (see text); and (d)
ction into the mother. Embryos shown in (c) and (d) were stainedorma
to m
mate
injeaturation (Graham et al., 1993), is the apparent essential
s of reproduction in any form reserved.
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181Role of mag-1 in C. elegans Germ-Line Sex Determinationzygotic role of mag-1 in embryogenesis. The predicted
inviability of embryos homozygous for strong mag-1(lf)
mutations would have prevented their recovery in the
screens for self-sterile F2 hermaphrodites with masculin-
ized germ lines that identified the mog genes, which may
not be zygotically essential. An advantage of the RNAi
technique is that it allowed us to analyze the mag-1(lf)
phenotype at only one stage.
The partial similarity of Mag-1(RNAi) and Mog pheno-
types suggests the possibility that mag-1 could function
with or through the mog genes as well as the fbf genes. The
OG-1 predicted protein is a DEAH helicase, and the MOG
roteins have been proposed to function together in post-
ranscriptional regulation of both germ-line and somati-
ally expressed genes, based on the mog-defective pheno-
ypes discussed above and a mog-1 requirement for normal
rowth rate (Graham et al., 1993; Gallegos et al., 1998). We
speculate that MAG-1 produced in the germ line may be
required for function of the MOG proteins in the hermaph-
rodite sperm-to-oocyte switch, while zygotically produced
MAG-1 may be required for the essential embryonic func-
tions of the maternally derived MOG proteins. In this view,
a general role for MAG-1could be in mobilization of RNA-
binding proteins that function in posttranscriptional regu-
lation at several stages of development.
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